We have investigated the effects of GaAs substrate misorientation on strain relaxation in In x Ga 1Ϫx As films and multilayers. Our calculations of shear stresses due to misfit strain, resolved on the glide plane in the glide direction, reveal that the ␣ and ␤ 60°slip systems are influenced in a nearly identical fashion, for all substrate misorientation directions. Thus, classical models for nucleation and glide of 60°dislocations predict that a substrate misorientation will not influence the degree of ͗110͘ asymmetry in strain relaxation in lattice-mismatched zincblende semiconductor films. Contrary to these predictions, our experimental results reveal asymmetries in strain relaxation ͑for partially relaxed single layers͒ which favor those dislocations aligned with the offcut axis. These asymmetries depend on the substrate misorientation and growth temperature, and are not easily explained by differences in the intrinsic core properties of ␣ and ␤ dislocations. Furthermore, in fully relaxed multilayers ͑grown at lower temperatures͒, and single layers ͑grown at higher temperatures͒, epilayer tilt which increases the (111)B substrate miscut is observed. In the multilayers, this behavior is found to be correlated with the presence of micron-scale surface facets. We consider possible explanations for these results, including nucleation of partial dislocations, interaction of gliding threading dislocations, and strain relaxation predominated by forward and backward gliding ␣ threading dislocation segments. Together, these results support the conclusion that local surface or interface step morphologies are more important than bulk stress effects in determining misfit dislocation formation in the InGaAs/GaAs system.
I. INTRODUCTION
In lattice-mismatched III-V compounds, with mismatch less than about 1.5%, strain relaxation occurs primarily by the formation of 60°a/2 ͗110͘ ͕111͖ misfit dislocations. These glide to the interface on ͕111͖ planes, where their Burger's vector, a/2 ͗110͘, makes a 60°angle with the ͗110͘ line direction. The dislocations have edge and screw type interfacial components, and a tilt component perpendicular to the interface. If all possible dislocations are generated with equal probability, the screw and tilt components cancel out, leaving a net misfit component which relaxes the strain equally in both ͗110͘ directions. However, in zincblende crystals, two types of 60°dislocations are possible, ␣ and ␤, which have ͓110͔ and ͓110͔ line directions at compressively stressed interfaces, presumably with Ga-and As-based cores. The different core structures of ␣ and ␤ dislocations are expected to lead to significant differences in activation energies for dislocation nucleation and glide. In undoped and n-type GaAs, it has been found experimentally that ␣ dislocations have a higher glide velocity than ␤ dislocations. 1, 2 Thus, it is not surprising that ␣ dislocations are often reported to form first during strain relaxation at n-type InGaAs/GaAs interfaces. 3 However, several recent reports of n-type growth of InGaAs on misoriented GaAs substrates have indicated the opposite result, a higher density of ␤ than ␣ misfit dislocations. [4] [5] [6] A substrate misorientation changes the angle between the stress due to the interfacial misfit strain and the ͕111͖ slip planes, increasing or decreasing the resolved shear stress ͑RSS͒ on each dislocation slip system. This is illustrated in Fig. 1 for a substrate misorientation towards (111)A. Slip systems with a higher RSS will experience a lower activation energy for nucleation [7] [8] [9] and a higher glide velocity [10] [11] [12] and therefore are expected to dominate nucleation and glide processes. In addition, the higher RSS is predicted to lead to the preferential formation of dislocations with a specific out-ofplane Burger's vector component ͑tilt component͒, resulting in epilayer tilt. 12 The tilt generated by ␣ and ␤ dislocations will be in proportion to the substrate offcut resolved in the ͓110͔ and ͓110͔ directions, respectively. Furthermore, the tilt will rotate the epilayer in a direction such that the substrate miscut is reduced, as shown in the schematic of Fig. 2 . In most investigations of epilayer tilting in partially relaxed systems, the observations are consistent with the predictions from such RSS analyses. However, the effects of misorientation on the RSS of the ␣ and ␤ slip systems has not been considered explicitly in the literature and limited attention has been paid to the effects of the misorientation direction on strain relaxation in general. 9, 12 For a misorientation towards ͑011͒, it is evident that the RSS are identical for the ␣ and ␤ slip systems, 13 since the ͑011͒ miscut can be decomposed into equal components in the ͓110͔ and ͓110͔ directions. However, the effect is less obvious for the ͕111͖ offcuts. At first glance, it might seem that the (111)A offcut would only change the RSS of the ␣ slip systems and that the (111)B offcut would only change the RSS of the ␤ slip systems. However, since each Burger's vector makes a 60°angle with a ͗110͘ line direction, its position with respect to the interface plane is affected by both (111)A and (111)B misorientations. We show in this article that the number of 60°slip systems with a higher or lower RSS and the magnitude of change in each case are similar for the ␣ and ␤ slip systems, independent of misorientation direction. ͑In fact, for ͕111͖ offcuts, there is an unexpected slightly higher calculated RSS for dislocations with lines perpendicular to the offcut axis. In other words, the RSS of the ␤ and ␣ slip systems are highest for the (111)A and (111)B offcuts, respectively.͒ Consequently, classical models for dislocation nucleation and glide predict nearly symmetric strain relaxation for all substrate misorientation directions, and epilayer tilt about the offcut axis in a direction such that it reduces the substrate miscut.
We also describe our experimental investigations of the effects of substrate misorientation on strain relaxation in single and multilayer InGaAs-based heterostructures. It will be clear that the predictions based on our RSS calculations for 60°␣ and ␤ dislocation slip systems cannot explain many of our results. In partially relaxed, single layer InGaAs/GaAs structures, we observe tilt which rotates the epilayer to reduce the substrate misorientation. However, the axis of epilayer tilt varies from the expected alignment with the substrate offcut axis, indicating an asymmetry in epilayer tilt. Also, for the highest growth temperatures investigated, the ␤ tilt is largest for the smallest ␤ substrate offcut. Furthermore, we observe asymmetric relaxation whose polarity ͑more ␣ or ␤ dislocations͒ depends on the direction of the substrate offcut. In all cases, the strain relaxation and tilt asymmetries are sensitive to the growth temperature and increase with the magnitude of substrate misorientation. In multilayer InGaAs structures, grown at lower temperatures, the strain relaxation is nearly complete and symmetric. In these structures, epilayer tilt associated with ␣ misfit dislocations decreases the substrate miscut, as expected, while tilt associated with ␤ misfit initially does the same, but as the composition is increased, the tilt unexpectedly reverses direction to increase the miscut. The tilt reversal is observed to be correlated with the presence of surface facets. Since these results are not explained by RSS arguments, we consider the role of partial dislocations, dislocation interactions, and surface morphology on the nucleation and glide of 60°dislocations.
The article is organized as follows. In Sec. II we outline calculations of stresses on dislocations due to misfit strain. ͑The details are given in the Appendix.͒ Section III describes procedures used for the experimental studies, including molecular beam epitaxial ͑MBE͒ growth, high resolution x-ray diffraction, and atomic force microscopy ͑AFM͒. In Sec. IV, strain relaxation data and AFM images of surface morphology are presented and discussed. Conclusions are given in Sec. V.
II. RESOLVED SHEAR STRESS CALCULATIONS
For a given slip system, the shear stress due to misfit strain, resolved on the glide plane, in the glide direction, produces a force on a dislocation. The RSS affects both nucleation of dislocation loops and glide of threading dislocations. The activation energy for nucleation is inversely proportional to the RSS, [7] [8] [9] and the glide velocity is directly proportional to the RSS. 10, 11 There is also evidence that the activation energy for glide is dependent on the RSS.
14 Thus, it is expected that the slip system with the greatest RSS will dominate both nucleation and glide processes. The RSS on each slip system is determined by transforming the stress tensor from the cartesian coordinate system into a new coordinate system where xЈ corresponds to the glide direction and zЈ to the glide plane normal. 10 In the general case, the stress tensor in the coordinate system of the slip system is i j Ј ϭT il T jm lm , where lm are the applied stresses, and T il and T jm are the matrices which transform the coordinate system of the applied stress to that of the slip system. In this case, a finite stress tensor is generated by the misfit strain at the InGaAs/GaAs interface which produces an in-plane biaxial compressive stress ϭ 11 ϭ 22 . The component of the stress tensor which corresponds to the stress on the glide plane in the glide direction ͑the RSS͒ is equal to 32 Ј ϭ(T 31 T 21 ϩT 32 T 22 ). The factor in brackets is often called the ''Schmid factor.'' 15 In zincblende and diamond cubic semiconductors, there are 8 unique 60°a/2 ͗110͘ ͕111͖ slip systems, as listed in Table I . We note that the line direction is chosen to give dislocation slip systems ͑with the indicated Burger's vector and slip plane͒ which relieve compressive strain. An equivalent set of 8 slip systems have dislocation lines, Burger's vectors, and slip planes of opposite sign. However, if the sign of the dislocation line is reversed, while the Burger's vector and slip plane remain fixed, the resulting 8 slip systems add strain to a compressively stressed system. We have calculated the Schmid factors for each compressive strain relieving 60°dislocation slip system, and its associated 30 and 90°partial dislocation slip systems, for misorientations towards ͑011͒ and (111)A ͓the RSS for (111)B is a 90°r otation of (111)A͔. The details of these calculations are presented in the appendix. Figures 3͑a͒ and 3͑b͒ show plots of the calculated Schmid factor versus offcut angle towards ͑011͒ and (111)A, respectively, for the 60°slip systems. Table I lists the numerical values of the Schmid factors for each slip system, for the most common substrate misorientation, 2°. In each case, the Schmid factor of a few of the slip systems increases with offcut angle. These systems will have the highest RSS and therefore are expected to dominate both nucleation and glide processes. In the plot, systems 1-4 and 5-8 are ␣ and ␤ slip systems, respectively.
Considering first 60°dislocations for ͑011͒ miscuts, slip systems 1 and 5 have the highest Schmid factors, while 3 and 7 have the lowest Schmid factors. Since 1 and 3 are ␣ dislocations, and 5 and 7 are ␤ dislocations, an equal number of ␣ and ␤ systems with higher or lower Schmid factors are expected, and the relaxation is expected to be isotropic. Furthermore, since systems 1 and 5 both have ''down'' tilt components, nonzero epilayer tilt is expected in both ͗110͘ directions, resulting in epilayer tilt about the ͓010͔ axis. In other words, for ͑011͒ offcuts, RSS arguments predict symmetric relaxation and epilayer tilt about the offcut axis. If nucleation and glide of 60°dislocations is controlled simply by the RSS, the relaxation of strain is expected to occur with a preference for those dislocations with line directions perpendicular to the offcut axis ͑i.e., ␤ and ␣ dislocations for (111)A and (111)B offcuts, respectively͒. Regarding the expected tilt for (111)A offcuts, systems 5 and 8 have ''down'' and ''up'' tilt components which cancel each other, resulting in no ␤ epilayer tilt. Meanwhile, systems 1 and 2 both have ''down'' tilt components, resulting in nonzero ␣ epilayer tilt. Similar arguments hold for the (111)B miscut, with the directions rotated by 90°, i.e., nonzero ␤ epilayer tilt is expected. Therefore, for ͕111͖ offcuts, epilayer tilt about the offcut axis and anisotropic strain relaxation of opposite polarity may be expected for the direct nucleation of 60°dislocations, or for relaxation limited by the glide of 60°dislocations.
We also consider the RSS for partial dislocations. For 30°partials, the ␤ and ␣ dislocations have the highest Schmid factors for (111)A and (111)B miscuts, respectively. Thus, anisotropic relaxation of opposite polarity may be expected for nucleation dependent on 30°partials. For 90°par-tials, the situation is reversed-the ␣ and ␤ dislocations have the highest Schmid factors for (111)A and (111)B miscuts, respectively. Therefore, if the formation of 60°dislocations depends on the nucleation of 90°partial dislocations, as was recently proposed, 16 the strain relaxation would be expected to be anisotropic, with more ␣ and ␤ dislocations for (111)A and (111)B offcuts, respectively.
III. EXPERIMENTAL PROCEDURES
We grew epitaxial InGaAs/GaAs samples by solidsource MBE on semi-insulating ͑undoped͒ and n-doped ͑ϳ2ϫ10 18 cm
Ϫ3
) GaAs͑001͒ substrates, intentionally misoriented 2-10°towards the (111)A, (111)B, and ͑011͒ planes. The semi-insulating substrates ͑2°offcut͒, with etch pit densities Ͻ5ϫ10 3 /cm 2 , were epi-ready ͑and therefore required no ex situ surface preparation͒, while the n-doped substrates ͑miscut 2-10°͒, with etch pit densities Ͻ5 ϫ10 2 /cm 2 , were etched prior to growth, using NH 3 OH:H 2 O 2 :H 2 O ͑5:2:10͒ followed by HCl. The GaAs growth rate, set at 0.9 m/hr, was determined from intensity oscillations of the specular beam of the reflection high energy electron diffraction ͑RHEED͒ pattern. The indium fluxes were chosen to yield specific In compositions with ) In x Ga 1Ϫx As (0.10рx р0.13) grown on semi-insulating and n-doped substrates. The GaAs and InGaAs layers were grown at 580 and 495-535°C, respectively. The sample thicknesses and In compositions were chosen, based on earlier work, to be above the critical thickness while providing partial strain relaxation. 3 The layers were doped to facilitate cathodoluminescence measurements. 17 The relaxed multilayer samples consisted of a modulation-doped heterostructure grown on a ''stack'' of 5 increasing In composition In x Ga 1Ϫx As (0.10рxр0.50), 200 nm thick, undoped single layers ͑i.e., a compositionally stepgraded buffer͒, grown on semi-insulating substrates. The GaAs, step-graded buffer, and modulation-doped heterostructure were grown at 580, 350, and 450°C, respectively. ͑Since the growth of modulation-doped heterostructure lasted about ten minutes, the step-graded layers were effec- tively annealed at 450°for ten minutes.͒ The 1 m thick undoped step-graded buffer relaxes the 3.5% latticemismatch strain between the GaAs substrate and modulationdoped heterostructure, providing a suitable substrate for optimum electronic properties. 18 At each interface in the stepgraded buffer, the mismatch was ϳ1.5%, similar to the single layer case.
High resolution x-ray diffraction measurements were performed in order to determine the in-plane and out-ofplane d-spacings of the films and multilayers, from which the alloy composition, lattice mismatch, and residual strain in the layers were determined. X-ray rocking curves ͑XRC͒ of the partially relaxed samples were measured with a double-crystal diffractometer using Cu K␣ radiation monochromated by a four-reflection Bartels monochromator, which employs Ge͑220͒ reflections in the ͑ϩ,Ϫ,Ϫ,ϩ͒ configuration. Two sets of reflections, the symmetric ͑004͒ and the glancing incidence ͑224͒ and/or ͑115͒ were measured. The ͑004͒ rocking curves were recorded at several azimuthal angles to obtain the angle of rotation of the epilayer planes about an in-plane axis ͑epilayer tilt͒. In order to determine the in-plane unit cell dimensions, off-axis rocking curves at different azimuthal angles were also measured. In most cases, the ͑224͒ reflections were chosen since they are most sensitive to in-plane lattice mismatch. 19 An orthorhombic crystal symmetry was assumed in the analysis. We note that these conventional rocking curve measurements rely on the substrate lattice constant as an internal standard. We have taken extreme care in alignment and centering of the sample in order to eliminate possible samplings of different sample regions during the azimuthal rotation. 20 For single and multilayer structures, double-crystal x-ray diffraction peaks are significantly broadened due to mosaic tilts associated with relaxation. To resolve the individual steps in the compositionally graded epilayers, triple-axis xray measurements were performed at Beamline X18A at the National Synchrotron Light Source ͑NSLS͒ at Brookhaven National Laboratory. The wavelength of incident radiation was selected to be 1.653 Å using a double-crystal Si͑111͒ monochromator. The samples were mounted onto a six-circle Huber diffractometer and the signal was collected by a Ge͑111͒ analyzer crystal and scintillation counter. Contour maps were performed near the ͑004͒ and ͑224͒ Bragg peaks. These contour maps consisted of a series of -2 scans, with the same initial value of 2 ͑angle between incident x-ray beam and detector͒ and a range of initial values of ͑angle between the incident beam and sample͒. The ͑004͒ and ͑224͒ d-spacings of each epilayer in the multilayer structure were determined from this data. In this case, there is no internal standard needed, and each measurement corresponds to an absolute lattice parameter measurement. 20, 21 AFM measurements of the surfaces of the multilayer structures were undertaken using a Digital Instruments Nanoscope II, in contact mode with a constant net force in the range 30-100 nN, using Si 3 N 4 probe tips.
IV. RESULTS AND DISCUSSION

A. Single layers
Table II summarizes the strain relaxation data for single In x Ga 1Ϫx As (0.10рxр0.13) layers, grown at 495-535°C on the semi-insulating ͑SI͒ and n-doped substrates with various misorientations. The table lists the growth temperature, T, the In mole fraction, x, components of substrate offcut towards the (111)A and (111)B planes, the strain relaxation with respect to the substrate, R, and epilayer tilt, ⍀, in the ͓110͔ and ͓110͔ directions. In each ͗110͘ direction, R ranged from 35 to 96%, while ⍀ ranged from 0 to 0.24°. If the interfacial compressive strain relaxes entirely via the misfit ͑edge͒ component of 60°dislocations, the misfit dislocation TABLE II. Summary of strain relaxation data for single In x Ga 1Ϫx As (0.10рxр0.13) layers grown in the temperature range 495-535°C. The films grown on semi-insulating and n-type substrates had thicknesses of 250 and 200 nm, respectively. Listed are the growth temperature, T, the In mole fraction, x, the components of the substrate offcut towards the (111)A and (111)B planes, the strain relaxation with respect to the substrate, R, and epilayer tilt, ⍀, in both ͗110͘ directions.
Growth T ͑°C͒
Substrate doping
In , which is 2-3 orders of magnitude less than the density of dislocations required for the measured relaxation. Thus, new dislocations must have formed by nucleation and/or multiplication mechanisms. 16, [22] [23] [24] For the layers grown on semi-insulating substrates, smaller R is observed for xϭ0.10 and 0.12 in comparison with xϭ0. 13 , as expected for the lower indium compositions. 4 The layers grown on n-type substrates also follow this trend, although the average R is reduced. This is due in part to a reduced layer thickness ͑200 nm͒. It is also possible that the substrate doping and/or surface preparation contribute to the change in magnitude of strain relaxation.
From the magnitude of the tilt angle, ⍀, the fraction of 60°dislocations with an out-of-plane Burger's vector in a preferred direction can be calculated using (2/a)sin ⍀, where a is the unstrained epilayer lattice constant. For the highest ⍀, 0.24°, 7.35ϫ10 4 /cm dislocations, or 49% of the Burger's vectors have a preferred out-of-plane component. In the single layer samples, the tilt rotated the epilayer in a direction such that the substrate miscut was reduced, as expected from RSS models discussed in the previous section.
Asymmetries in R and/or ⍀ are observed in all of the samples. The xϭ0.12 layers grown at Tϭ515°C on semiinsulating substrates come closest to following the predictions of RSS models. They have symmetric R for all misorientations and the tilt generally increases with offcut angle, except for the ␣ tilt, which is unexpectedly high for the ͑011͒ offcut. ͑Actually, the high ␣ tilt for the ͑011͒ offcut occurs for all the growth temperatures investigated.͒ For growth at Tϭ535°C, the strain relaxation is predominantly symmetric; ␣ tilt increases with offcut angle, but ␤ tilt unexpectedly decreases with offcut angle. Thus, for Tϭ535°C growth, asymmetric relaxation and epilayer tilt do not always occur simultaneously. For example, the xϭ0.10 sample grown on 2°(111)B miscut is more relaxed in the ͓110͔ direction ͑␤ dislocations͒, but has larger ␣ tilt. For the lowest growth temperature, Tϭ495°C, the magnitude of strain relaxation and epilayer tilt increase with offcut angle, and a large asymmetry in strain relaxation is observed. For offcuts up to 2°, the strain relaxation asymmetry is largest for (111)A compared with (111)B offcuts. For miscuts greater than 2°, the amount of asymmetry in strain relaxation is roughly equivalent for the (111)A and (111)B miscuts, and increases with misorientation towards both (111)A and (111)B.
These observations, including the fact that a (111)B miscut results in more ␤ relaxation, are not predicted by RSS models, as shown by the calculations in Sec. II and the Appendix. For 60°dislocations, the number of slip systems which have a higher or lower Schmid factor are nearly identical for the ␣ and ␤ slip systems ͑corresponding to the ͓110͔ and ͓110͔ relaxation directions͒. Furthermore, the asymmetric relaxation cannot be explained by intrinsic differences between ␣ and ␤ dislocations, 1,2,13 such as core energies, Peierls barriers contributing to higher glide velocities of ␣ dislocations ͑in comparison to ␤ dislocations͒, since in these cases, a higher density of ␣ dislocations, independent of substrate misorientation, would be expected. Since we obtain more ␤ dislocations for (111)B misorientations, alternative explanations must be considered. As discussed in Sec. II, for 30°and 90°partial dislocations, the number of slip systems which have a higher Schmid factor are not identical for the ␣ and ␤ slip systems. The ␣ and ␤ 90°partial dislocation slip systems have the highest RSS for (111)A and (111)B miscuts, respectively. Therefore, our observations of asymmetric relaxation with higher ␤ relaxation for the (111)B offcut would be predicted by RSS models if relaxation was controlled by the formation of 90°partials. This was also the conclusion in the transmission electron microscopy work of Chen et al. 16 If nucleation is controlled by partial dislocation nucleation in diamond cubic semiconductor systems, then similar arguments would predict asymmetric relaxation in SiGe/Si. To our knowledge, asymmetric relaxation in SiGe/Si has not been observed, but studies of ͕111͖ offcuts have also not been reported.
In zincblende and diamond cubic semiconductors, 60°d islocations have been observed ͓with high resolution transmission electron microscopy ͑TEM͔͒ to be dissociated into 30 and 90°partial dislocations, separated by a stacking fault. 25 The two partial dislocation lines lie parallel to each other on the ͕111͖ glide plane, with one below the other with respect to the surface. The relative location of the 30 and 90°p artials at the interface depends on the sign of the interfacial strain. In compressively stressed systems such as InGaAs/ GaAs͑001͒, the 30°partial dislocation lies furthest from the surface. 16, 25 On the other hand, in tensile stressed systems such as Si/GaP͑001͒, the 90°partial is furthest from the surface. 25 In InGaAs/GaAs, the stacking fault width is typically on the order of 5 nm, 26 whereas in Si/GaP, the stacking fault may cover the entire film thickness. 25 These observations suggest that in compressively stressed systems, nucleation of the 30°partial dislocation is quickly followed by nucleation of the 90°partial dislocation, while in tensile stressed systems, nucleation of the 90°partial dislocation occurs first, and is not necessarily followed by nucleation of the 30°partial dislocation. Thus, in a compressively stressed system, it is expected that the rate limiting step for strain relaxation is nucleation of the 30°partial dislocation. On the other hand, if the strain relaxation is limited by nucleation of the 90°partial dislocation, then nucleation of 30°partial dislocations cannot obey the standard stress and temperature dependence. Instead, their formation would be limited by an extrinsic effect occuring during growth, such as the formation of In clusters 6, 16 or stress concentrations at step edges. 8 Several groups have reported correlations between strain relaxation and surface morphology. 4, 27, 28 The magnitude and direction of GaAs substrate misorientation determine the density and edge termination ͑Ga or As͒ of surface and buried interfacial steps. During the growth of GaAs with a (2 ϫ4) surface reconstruction, the standard conditions for MBE growth of GaAs, the As-dimers line up along the ͓110͔ in-plane direction. 29 Scanning tunneling microscopy studies have indicated that under these conditions, A-type ͑Ga-terminated͒ steps will elongate and smoothen, while B-type ͑As-terminated͒ steps will become jagged such that locally they consist of both A-and B-type steps. 29 Previously, for 2°o ffcuts, we suggested that this local asymmetry in A-and B-type step edges was correlated with the degree of asymmetric strain relaxation. 4 Our experimental results in this article expand on the number of samples and range of substrate offcuts investigated. In all cases, the trend of increasing asymmetry with offcut towards (111)A and (111)B is evident. These results suggest that the nucleation and/or glide of dislocations in the partially relaxed single layers are influenced by surface or interface step densities. For example, heterogeneous nucleation of dislocations or dislocation multiplication might preferentially occur at step-edges or In clusters associated with steps. 6, 30 In addition, glide of dislocations may be facilitated by nucleation of atomic-scale kinks, which would be affected by surface or interface step densities. 11, 31 Note that the average relaxation is similar for samples grown at the same temperature. For example, layers grown at Tϭ495°C with an In concentration of 13% have the largest asymmetries, yet a similar average relaxation of 73Ϯ4%. The similar average relaxation might be explained by a dislocation nucleation mechanism that is independent of miscut. If this is true, then the large asymmetries would be explained by glide velocities which are sensitive to misorientation. Therefore, we consider possible mechanisms which are limited by dislocation glide. One possible explanation involves the effect of substrate miscut on the interaction of slip systems. We note that recent computations of dislocation interactions in strained layers indicate negligibile dislocation blocking resulting from dislocation interactions. 32 However, the calculations considered only a diamond cubic semiconductor, SiGe, grown on a singular Si surface. In our case, the different core structures present in III-V compounds and the presence of the miscut may lead to significant effects from interacting dislocations. As mentioned earlier, ␣ dislocations have been reported to have a higher glide velocity than ␤ dislocations in undoped and n-type GaAs. If this trend holds in ternary alloys such as InGaAs, ␣ thread segments would be expected to dominate the relaxation process in the samples discussed in this article. Using the Schmid factors tabulated in Table I , we consider the possible impacts of 2°o ffcuts on relaxation limited by interaction of slip systems. For the (111)A miscut, the two ␣ slip systems with the highest RSS share the same glide plane, ͑111͒, while the two ␤ slip systems with highest RSS have different glide planes, (111) and (111). Since glide of ␤ thread segments can occur on both (111) and (111), it is possible that the gliding ␤ threads will interact more often than gliding ␣ threads, thereby reducing the amount of glide and the resulting ␤ misfit dislocation length and strain relaxation in the ͓110͔ direction. Meanwhile, glide of the ␣ thread segments occurs predominantly on ͑111͒; the resulting ␣ misfit dislocation length and strain relaxation in the ͓110͔ direction are expected to be greater in this case. As a result, an asymmetry in relaxation would occur with higher ␣ than ␤ relaxation, as observed. Similar arguments hold for (111)B offcuts, with the directions reversed. For ͑011͒ offcuts, only one slip system for the ␣ and ␤ systems has the highest RSS ͑systems 1 and 5͒. Thus, we include the effects of those slip systems with the second highest Schmid factors: 2,4,6, and 8. Since glide of ␣ thread segments can occur on both ͑111͒ and (111), and glide of ␤ thread segments can occur on both (111) and (111), it is likely that the gliding ␣ and ␤ thread segments will interact, resulting in reduced glide and misfit dislocation length in both ͓110͔ and ͓110͔ directions. In this case, asymmetric relaxation might be explained by the reduced velocity of gliding ␤ thread segments in comparison with gliding ␣ thread segments in our n-type material.
A second glide-limited mechanism is related to the orientation and type of thread segments associated with misfit dislocations, as shown in Fig. 5 . Forward oriented thread segments, shown in Fig. 5͑a͒ , have the same character ͑i.e., ␣ or ␤͒ as the misfit segments or are screw segments. 33 Backward oriented thread segments, shown in Fig. 5͑b͒ , have the opposite character as the misfit dislocations, or are screw segments. It is possible for ␤ misfit dislocations to form by forward glide of ␤ thread segments or by backwards glide of ␣ thread segments. 34, 35 For this mechanism, the forward and backward gliding threads would be subject to the effects of interacting slip systems described in the previous paragraph. In this case, asymmetric relaxation might be explained by a lower velocity of backgliding ␣ thread segments in comparison with forward gliding ␣ thread segments. This mechanism also provides an explanation for the exceptionally high ␣ tilt observed for ͑011͒ miscuts at all growth temperatures studied. For the ͑011͒ misorientation, the one slip system with the highest RSS ͑system 1 for ␣, system 5 for ␤͒ probably dominates the initial relaxation process. If forward gliding ␣ thread segments have higher glide velocities than backgliding ␣ thread segments, the resulting ␣ misfit dislocation length and ␣ tilt component are expected to be greatest in this case. FIG. 5 . Schematic representation of ͑a͒ forward and ͑b͒ backward glide segments. The forward glide, backward glide, and misfit segments are labeled F, B, and M, respectively. For the forward glide segments in ͑a͒, one segment has the same character ͑i.e., ␣ or ␤͒ as the misfit segment and the other is a screw segment. In ͑b͒, the backward glide segments, one segment has the opposite character as the misfit segment and one is a screw segment.
B. Multilayers
We have also investigated strain relaxation in multilayer InGaAs structures grown ͑at low temperatures͒ on substrates misoriented by 2°towards (111)A, (111)B, and ͑011͒. The strain relaxation in these structures is nearly complete and symmetric, similar to other step-graded In x Ga 1Ϫx As samples grown at this low temperature ͑350°C͒ on nominally flat substrates. 18, 36 We note that the growth temperature for these multilayers is significantly lower than that during the growth of the single layers which exhibited asymmetric relaxation (Tϭ495-515°C). Also, in earlier work, step-graded buffers grown in the 495-515°C temperature range exhibited asymmetric relaxation. 37 At the lower temperatures used for these multilayers, different surface reconstructions 38 and off-stoichiometries 39 which may impact dislocation nucleation often occur. Furthermore, dislocation motion is generally a thermally activated process. Thus, it is likely that the mechanisms of strain relaxation are significantly affected by the growth temperature.
The epilayer tilt results for the multilayer samples grown on offcut substrates have similarities and differences in comparison to other step-graded samples grown ͑at 350°C͒ on nominally flat substrates. 18, 36 On one hand, tilt associated with ␣ misfit dislocations always decreases the (111)A miscut, as is the case for the other low temperature multilayers. On the other hand, tilt associated with ␤ misfit dislocations initially decreases the (111)B miscut, but at the interface between the first and second steps of the buffer, corresponding to In mole fraction Ͼ0.2, the tilt reverses direction to increase the miscut again. A similar effect occurs for the single layers grown at 535°C, where the net ␤ tilt decreases with offcut angle, as was shown in Table II . Figure 6 shows some of the contour maps from tripleaxis x-ray diffraction measurements. In the plots, the y axis corresponds to , and the x axis is mid , the center value in each -2 scan. Plotted in this manner, the y axis is a measure of d-spacing variations, and the x axis is a measure of lattice plane tilt. The contours are lines of equal intensity varying from 1000 to 5000 counts/sec, in increments of 1000 counts/sec. The contours displayed were chosen to emphasize the peak positions of all the layers.
The results of the analysis of the data from these multilayer structures are summarized in Table III. The table  lists the layer No., In mole fraction x, epilayer tilt with respect to the substrate ⍀, epilayer tilt with respect to previous layer, ⍀ nϪ1 ͑this corresponds to the amount by which the substrate miscut is changed, with the convention that a positive value corresponds to a reduction in offcut͒, and the effective offcut of the sample. The In compositions in each layer are 0.13, 0.23, 0.32, 0.41, and 0.50Ϯ0.01, respectively. Not shown in the table is the strain relaxation, which is nearly complete and symmetric, to within experimental error, in the in-plane ͗110͘ directions. In each layer, the strain relaxation with respect to the substrate ranges from 83 to 97 Ϯ5% and that with respect to the in-plane lattice constant of the previous layer ranges from 57 to 90Ϯ5%. Thus, the relaxation decreases towards the surface layers, as expected. The overall relaxation of the top epilayer ͑with respect to the GaAs substrate͒ is 92%, giving in-plane and out-of-plane surface lattice constants of 5.837 and 5.870 Å, respectively. Assuming that the strain is relaxed by the edge component of 60°dislocations, the linear misfit dislocation density is 1.6 ϫ10 6 /cm which corresponds to an areal dislocation density of 3.2ϫ10 6 /cm 2 , distributed among the 5 interfaces. As discussed earlier, the etch pit densities of the substrates are Ͻ5ϫ10 3 /cm 2 , which is almost 3 orders of magnitude less than the density of dislocations required for the measured relaxation. Thus, at each interface, new dislocations must TABLE III. Summary of epilayer tilt data for multilayer In x Ga 1Ϫx As samples grown at Tϭ350°C on substrates misoriented by 2°towards (111)A, ͑011͒, and (111)B. Listed are the Layer No., indium mole fraction, x, epilayer tilt with respect to the substrate, ⍀, in both ͗110͘ directions, epilayer tilt with respect to the previous layer, ⍀ nϪ1 , in both ͗110͘ directions, and the effective offcut of the substrate. have formed by a nucleation and/or multiplication mechanism. 16, [22] [23] [24] Figure 6͑a͒ shows a contour map of the 2°(111)A misoriented sample, collected with the incident x-ray beam oriented in the ͓110͔ direction, for which the offcut is negligible. In the plot, the substrate peak lies at ϭ45.739°, and the 5 steps in the buffer lie at successively smaller . The mid values of the epilayer peaks are approximately the same as that of the substrate, indicating no measureable tilt in the ͓110͔ direction. Similar results were obtained for the 2°( 111)B offcut sample measured in the ͓110͔ direction. In these cases, negligible tilt has occurred when the offcut is negligible, as expected if the offcut provides a driving force to epilayer tilt. Figure 6͑b͒ shows a contour map of the 2°͑011͒ misoriented sample, collected with the incident x-ray beam aligned in the ͓110͔ direction, for which the offcut is 1.4°. In the plot, the mid values of the epilayer peaks differ from that of the substrate peak by as much as ϩ0.38°, indicating measureable epilayer tilt. Starting from the first epilayer, the In x Ga 1Ϫx As layers have tilted 0.19, 0.29, 0.31, 0.33, and 0.38°in the ͓110͔ direction. As listed in Table III , the epilayers have tilted such that the ͓110͔ miscut is reduced by 0.19, 0.10, 0.02, 0.02, and 0.05°. Similar results were obtained for the 2°(111)A offcut, with the incident x-ray beam in ͓110͔ direction, for which the offcut is 2°͑not shown͒. In that case, the In x Ga 1Ϫx As layers tilted 0.4, 0.7, 0.87, 0.98, and 1.12°in the ͓110͔ direction. Furthermore, the tilt observed rotates each epilayer in a direction such that the substrate miscut is reduced by 0.4, 0.3, 0.17, 0.11, and 0.14°. Thus, in both the ͑011͒ and (111)A offcuts, the tilt in the ͓110͔ direction rotates each epilayer such that the ͓110͔ direction miscut of the substrate is reduced. The tilt is proportional to the offcut, decreasing as the offcut is reduced, suggesting that the offcut provides a driving force for tilt ͑as predicted by RSS models͒.
In Figure 6͑c͒ , we present a contour map of the 2°͑011͒ misoriented sample, collected with the incident x-ray beam aligned in the ͓110͔ direction, for which the offcut is 1.4°. Here, the differences in the mid value range from ϩ0.33°to Ϫ0.56°, indicating that initially the tilt reduces the miscut, but as the composition increases, the tilt begins to increase the miscut. Starting from the first epilayer, the In x Ga 1Ϫx As layers have tilted 0.16, 0.33, 0.27, 0.01, and Ϫ0.23°in the ͓110͔ direction. Thus, the epilayers have tilted such that the ͓110͔ axis miscut is changed by 0.16, 0.17, Ϫ0.06, Ϫ0.26, and Ϫ0.24°͑positive/negative values indicate a decrease/ increase in offcut͒. Similar results were obtained for the 2°( 111)B offcut, with the incident x-ray beam in the ͓110͔ direction, for which the offcut is 2°͑listed in Table III , but not shown here͒. Starting from the first layer, the In x Ga 1Ϫx As layers have tilted 0.21, 0.12, Ϫ0.26, Ϫ0.4, and Ϫ0.41°in the ͓110͔ direction. The epilayers have tilted such that the ͓110͔ miscut of the substrate is changed by 0.21, Ϫ0.09, Ϫ0.38, Ϫ0.14, and Ϫ0.01°. In both cases, the negative ⍀ nϪ1 values, beginning with the second or third epilayer, are an indication that the tilt has switched directions-at those interfaces the ␤ miscut has increased! We note that an increase in ␤ offcut was also observed for the single layers grown at the highest temperature, T ϭ535°C. This result-reverse tilt-is completely inconsistent with the idea of the substrate offcut providing a driving force for the tilt. It is possible that the substrate initially contained an unequal distribution of Burger's vector components which influenced the distribution of dislocations produced by a multiplicative source. However, since the change in tilt direction occurs at layer Nos. 2 or 3, it is unlikely that the original substrate dislocations are still influencing the distribution of dislocations.
It is interesting to note that the increase in miscut in the ͓110͔ direction ͑␤ tilt͒ occurs after layer No. 2 in both the (111)B and ͑011͒ misoriented samples. It is possible that a rough surface morphology of layers Nos. 2 or 3 led to a change in the mechanism of strain relaxation. Nomarski interference micrographs indicate that the cross hatches 40, 41 on the final surfaces of the (111)B and ͑011͒ misoriented multilayer samples are roughened in comparison with those observed on the surface of the (111)A misoriented sample. This may be an indication of differences in the morphologies at the buried interfaces. In addition, atomic force microscopy indicates the presence of facets with slopes Ͼ2°on the surface of the (111)B and ͑011͒ misoriented samples. Figure 7 shows atomic force microscopy images of the surfaces of the (111)A and (111)B misoriented samples. The 0.5 mϫ0.5 m images in ͑a͒ and ͑b͒ correspond to the (111)A and (111)B misoriented samples, respectively. In ͑a͒, a cross-hatch trough ͑typical of this surface͒, 40, 41 is clearly visible. For the (111)B misoriented sample shown in ͑b͒, cross-hatch troughs are not apparent; instead, the surface contains large facets aligned along ͓110͔ directions. The most prominent facet in ͑b͒ has sides with 3-6°slopes in the ͓110͔ direction. The higher resolution views ͑0.2 mϫ 0.2 m͒ shown in ͑c͒ and ͑d͒ for the (111)A and (111)B misoriented samples emphasize the differences in morphology of these samples. For the (111)A misorientation, shown in ͑c͒, the small-lengthscale roughness observed is isotropic. On the other hand, for the (111)B misorientation, shown in ͑d͒, the surface morphology is dominated by the ͗110͘ oriented facets. The surface facets generate local offcuts in the ͓110͔ direction which are comparable to or larger than the macroscopic ͓110͔ substrate offcut. Thus, the facets, presumably induced by strain-induced surface diffusion, may provide a driving force for the observed reversal in ␤ epilayer tilt which finally increases the macroscopic miscut. A similar surface-mediated effect may be occurring in the single layer samples grown at 535°C.
V. CONCLUSIONS
In summary, we have investigated the effects of substrate misorientation on strain relaxation in In x Ga 1Ϫx As/ GaAs heterostructures. Our calculations of Schmid factors indicate similar dislocation activation energies and glide velocities for 60°␣ and ␤ dislocation slip systems, but unequal Schmid factors for 30 and 90°␣ and ␤ partial dislocation slip systems. Thus, classical models for 60°dislocation nucleation and glide predict that ␣ and ␤ slip systems have similar activation energies for dislocation nucleation and similar glide velocities. These models also predict that epilayer tilt will reduce the substrate miscut. However, measurements of single In x Ga 1Ϫx As (0.10рxр0.13) layers, grown at T р515°C, reveal asymmetries in strain relaxation which depend on the substrate misorientation direction and magnitude. The direction of highest strain relaxation can be controlled by the direction of substrate misorientation, while the percent of strain relaxation asymmetry can be controlled by the magnitude of substrate misorientation. In symmetrically relaxed multilayer structures ͑grown at 350°C and annealed for ten minutes at 450°C͒, epilayer tilt which increases the (111)B miscut ͑i.e., reverse tilt͒ is observed to be correlated with the presence of micron-scale facets presumably arising from strain-induced surface diffusion. This reverse tilt is also observed in single layers grown at higher temperatures ͑535°C͒. We discuss possible nucleation and/or glidelimited mechanisms for asymmetric relaxation in latticemismatched zincblende semiconductor systems. These include nucleation limited by 90°partial dislocations, glide limited by interacting thread segments, and a mechanism based on the formation of ␣ and ␤ misfit dislocations by forward and backward gliding ␣ thread segments, respectively. These results suggest that local surface or interface step morphologies are more important than bulk stress effects in determining dislocation nucleation and glide in the InGaAs/GaAs system. Further work is needed in order to fully understand the interplay between growth conditions, dislocation nucleation, and strain relaxation in latticemismatched semiconductor films and heterostructures. 
APPENDIX A
In III-V compounds, there are eight possible 60°dislo-cation slip systems. In addition, the 60°dislocations can dissociate into 30 and 90°partial dislocations, which may play a role in dislocation nucleation in the InGaAs/GaAs system. 16 Thus, a total of 24 slip systems are possible. In this appendix, we present calculations of the RSS on these slip systems for substrate misorientations towards ͑011͒ and (111)A ͓the RSS for (111)B is a 90°rotation of (111)A͔. For these calculations, several coordinate system transformations were implemented, using the following transformation matrix:
where (i, j,k)ϭ(x 1 ,x 2 ,x 3 ), the initial coordinate system, and (iЈ, jЈ,kЈ)ϭ(x 1 Ј ,x 2 Ј ,x 3 Ј), the final coordinate system. Section A1 presents the matrices which transform the Cartesian coordinate system to the coordinate system for each slip system. In Secs. A2 and A3, for the ͑011͒ and (111)A offcuts, the misfit stress at the interface is resolved onto the ͑001͒ plane, in the Cartesian coordinate system. The stress tensor is then resolved on the glide plane in the glide direction for each slip system, using the calculated transformation matrices.
A1. Cartesian-slip system transformation
Table IV summarizes the coordinate systems for each of the 24 slip systems. Using Eq. ͑A1͒, the matrices which transform the Cartesian coordinate system to the slip system coordinate system are composed of rows of the coordinate system vectors, as follows:
͑A2͒
As an example, the matrix which transforms the Cartesian system to the 60°a/2͓101͔ ͑111͒ slip system is shown in Eq. ͑A3͒:
A2. "011… Misorientation
For the ͑011͒ offcut, the first transformation performed rotates the surface normal back to ͑001͒. As shown in Fig. 8 , the coordinate system ͓͑100͔,͓010͔-␦,͓001͔-␦͒ is transformed to ͓͑100͔,͓010͔,͓001͔͒, using the matrix ͑A4͒:
͑A4͒
Using the transformation matrix ͑A4͒, the interfacial biaxial compressive stress ϭ 11 ϭ 22 , is resolved onto the ͑001͒ plane by the expression, i j Ј ϭT il T jm lm . Thus, the stress on the ͑001͒ plane, in the cartesian coordinate system becomes:
Јϭ ͫ 
ͬ . ͑A5͒
Finally, the stress tensor in ͑A5͒ is resolved into each particular slip system, using the expression, i j Љ ϭT il T jm lm Ј . 10 The stress component which corresponds to the stress on the glide plane in the glide direction, or resolved shear stress, is 32 
͑A6͒
Using Table IV and Eq. ͑A6͒, the resolved shear stresses are calculated for each slip system, leading to results similar to previous calculations. 13 The factors preceeding , the Schmid factors, are summarized in Table V. A3. "111…A misorientation 
ͬ . ͑A8͒
In the second transformation, shown in Fig. 9͑b͒ , the (͓110͔,͓110͔,͓001͔) coordinate system is transformed to the Cartesian coordinate system, ͓͑100͔,͓010͔,͓001͔͒ using matrix ͑A9͒: 
͑A10͒
Finally, the stress tensor in A10 is resolved into each slip system, using the expression i j ٞϭT il T jm lm Љ . The resolved shear stress is 32 
͑A11͒
Using Table IV and Eq. ͑A11͒, the resolved shear stresses are calculated for each slip system, and the resulting Schmid factors are summarized in Table V. 
